We report improved measurements for the 'v6 antisymmetric stretch fundamental and observation of the (vg+Yis) -y15 and (~gf2~is) -22~~s hot bands of the linear C, carbon cluster by direct absorption diode laser spectroscopy of a supersonic carbon cluster beam. Analysis of these bands characterizes Cs as a semirigid molecule with a bending potential similar to that of Cs and further evidences the alternation in degree of rigidity of linear carbon clusters with the g-u symmetry of the HOMO.
I. INTRODUCTION
One of the most interesting characteristics of small (n< 11)) odd-numbered linear carbon clusters is their unusually low frequency, large amplitude bending motions about the central carbon atom.lm5 These low frequency bends are thought to play a critical role in the chemical and thermodynamic properties of these molecules. In particular, it has been suggested that this large amplitude bending motion in larger clusters may be a pathway by which linear carbon chains isomerize to form rings. Additionally, pure carbon clusters are believed to exist in the interstellar medium,6 but due to the absence of a permanent dipole moment, they are not detectable by submillimeter astronomy techniques. The best hope for detection of these molecules in the ISM is by measurement of their far-infrared bending frequencies. For all of these reasons, we have undertaken a detailed spectroscopic study of the bending dynamics of linear carbon clusters.
The HOMO symmetry of linear carbon clusters alternates between r, and rs. ' Molecules having a filled r,, HOMO (C,, C,, and C,i) are predicted to be less rigid than Cs and CL!,, which have filled ~-s HOMOs. The halffilled HOMOs of the even-numbered linear carbon clusters also alternate between v,, and rs symmetry; however, these molecules are expected to be more rigid than the odd clusters because there is no central atom about which bending motion takes place. Of these molecules, Cs is the only one for which a complete characterization of the bending potential has been accomplished.* The picture which has emerged is that Cs possesses an extremely anharmonic bending potential characterized by large amplitude bending motion and strong stretch-bend and Coriolis coupling interactions. The bending dynamics of C5 (Ref. 9) and C, (Ref. 10) have been studied indirectly through the rovibrational analysis of hot bands detected in the region of mid-infrared asymmetric stretching frequencies. This work suggests that C5 can be characterized as a relatively rigid molecule, while C7 undergoes large amplitude bending motion similar to that of Cs.
In this work, we extend the study of the bending dynamics of odd-numbered linear carbon clusters to the C, molecule. Cs is the largest carbon cluster for which the ground state structure is predicted to be linear. ' The very II. EXPERIMENT The Berkeley supersonic cluster beam/diode laser spectroscopy apparatus has been described in detail previ0us1y.'~ Briefly, carbon clusters are generated by KrF extimer laser vaporization (200 mJ/pulse at 70 Hz focused to a 0.5 X 15 mm line) of a rotating, translating graphite rod placed in the throat of a pulsed, planar Ar jet (15 atm backing pressure). In the previous work on Cs (Ref. 13) , the R (0) and P(2) transitions were not observed; as a consequence, the assignment of the rotational quantum numbers was incorrect by two units in J. In the present work, we have observed R(0) and P(2) (see Fig. 1 ) and have unambiguously assigned the spectrum. Due to better frequency stability of our diode laser system and the larger signal to noise ratio, we have also improved the precision of the frequency measurements presented in Table I . Only evennumbered peaks are observed due to nuclear spin statistics. Molecular constants obtained by nonlinear least-squares analysis are presented in Table II . Performing the fit to observed frequencies resulted in large correlation between ground and upper state molecular constants. This correlation was removed by fitting ground and upper state combination differences independently. Ground state rotational frequencies were obtained from R (J-1) -P( J+ 1)) and upper state frequencies from R(J) -P(J).
Residuals appearing in Table I and the band origin presented in Table  II were calculated by fitting the observed frequencies with molecular constants fixed to the values obtained from analysis of the combination differences. Centrifugal distortion constants are too small to be statistically determined from our data. The values for the distortion constants presented in Table II are estimates obtained by constraining ground and upper state distortion constants to be equal in the fit to the ground and upper state combination differences. The uncertainty in these values is on the same order as the values themselves. No substantial difference is observed between the rotational constants presented here'and those reported in our previous work, in spite of the slight misassignment noted above.
Analysis of the data obtained in the previous work identified three perturbations due to dark state crossings of the upper state near J' = 7,23, and 45. Perturbations of the low J levels were actually manifested in splittings for some of the observed peaks. With our improved sensitivity, we find no evidence for these splittings or for perturbations of the higher J levels. The peak next to P(4) in Fig. 1 is part of the lowest frequency II-II hot band of C3 and is not due to splitting of the P(4) transition. In addition, our earlier work reported unusually large values for the ground state centrifugal distortion constants, in contrast to the present result obtained with a more extensive data set. The scaled value of our estimated distortion constant (D"/B") is on the same order as for C,, rather than 15 times larger as previously reported. Discrepancies between this work and the previous report are due to the incorrect assignment and the lower precision of the previous measurements that resulted from a much lower signal to noise ratio.
From the relative intensities of the fundamental transitions, we estimate a rotational temperature of 20 f 5 K. This low rotational temperature is critical for the detection of C, rovibrational transitions because of the high density of states. Conventional techniques for synthesizing transient molecules for infrared absorption spectroscopy, such as plasma discharge or photolysis sources, would therefore probably not be, useful for detecting C,.
Ab initio theory predicts four low frequency ( < 500 cm- ') degenerate bending modes for Cs (Refs. 2-4). We have assigned the second strongest series of peaks observed in our spectrum to a Q-II, hot band arising from the lowest frequency bending vibration. The lower state of this hot band is predicted to be 49-53 cm-' above the ground statezA and is the only excited vibrational state expected to be significantly populated if thermal equilibrium prevails at the molecular beam temperature. Both even and odd values of J are observed for this band with spacings between peaks of approximately 2B. The spectrum actually consists of two IHI subbands of opposite symmetry, wherein the even J transitions arise from the positive symmetry subband, for which I,,= If, and the odd J transitions with l,s=l, arise from the negative symmetry subband. The two subbands are slightly offset from each other due to Z-type doubling, which actually results in a staggering of line positions for adjacent peaks rather than a doubling of spectral lines, since nuclear spin statistics force one com- ponent of each i-type doublet to be missing from the spectrum. The observed frequency measurements for the two subbands are presented in Tables III and IV . Typical data appear in Fig. 2 . Absolute assignment of the rotational quantum numbers was not straightforward for this band because the lowest J transitions were not observed. Three different assignments are actually possible. The assignment presented here was chosen because it is the only one which yields rotational constants for the two subbands which are greater than the ground state rotational constant. Of course, a larger rotational constant is expected for the bending modes due to the decrease in the effective moment of inertia as the molecule undergoes bending motion.
We found it necessary to analyze the two subbands separately. Observed frequencies and ground and upper state combination differences were fit to the following expression for the rovibrational energy levels:
where I= 1 for a II-II transition. The resulting molecular parameters for each subband are found in Table VI . These parameters do not depend substantially upon whether observed frequencies or combination differences are used in the fit.
Evidence for slight perturbations to both the lower and upper states of the e subband are apparent from the molecular constants. The distortion constants calculated for this subband are an order of magnitude larger than those 
Obs-Calc
Obs-Calc The molecular constants for the f subband presented in Table VI do not include centrifugal distortion constants, as inclusion of these constants does not significantly alter the quality of the fit. The standard deviation of the fit was 0.0018 cm-' without including distortion constants, and 0.0014 cm-' with distortion constants included. Also, inclusion of distortion constants increases the uncertainties of the rotational constants by nearly a factor of 2 due to correlation effects. However, it must be recognized that upper and lower state distortion constants are determinable in this subband and that when distortion constants are included in the fit, it becomes apparent that the upper and lower f states are strongly perturbed.
Distortion constants calculated for the f subband are D"= -0.44( 13) X 10m7 cm-', H"= -0.76(33) X10-i' cm-', D'= -0.38( 13) x lo-'cm-', and H'= -0.61(34) X 10-i' cm-'. The rotational constants become B"=0.014 311( 15) cm-' and B'=0.014291( 16) cm-', and the band origin shifts to 2014.174 88(58) cm-' when distortions constants are included in the fit. These large negative distortion constants indicate strong perturbations to these levels. Because of these perturbations, it is not possible to assign the ordinary mechanical meaning to these molecular constants. However, rotational constants for this subband, given in Table VI , obtained without including distortion constants, are believed to be closest to the unperturbed values for the following reasons: ( 1) an excellent fit is obtained without including distortion constants, as indicated above; (2) when distortion constants are included, the rotational constant of the bending mode becomes less than the ground state rotational constant; whereas, exclusion of distortion constants yields a larger value for the bending state rotational constant, as expected; and (3) when distortion constants are included, the band origin shift of the e subband relative to the f subband is much larger than expected.
Currently it is not possible to deperturb the molecular constants of these states since this work represents the only rotationally resolved data for the C!, molecule, and large, systematic deviations between observed and calculated frequencies are not evident in our analysis. It is possible that perturbation of the f states can be partly accounted for by unusually large Coriolis coupling with the ground state. The centrifugal distortion constant (0) for linear molecules in the harmonic approximation is given by 4B3/?. Due to anharmonicity and Coriolis effects, the measured ground state distortion constant for such molecules is typically larger than that predicted from the harmonic approximation. For example, the ground state distortion constants for the semirigid molecules C5 (Ref. 9) and C3Sz (Ref. 16 ) are an order of magnitude greater than the predicted values. The estimated distortion constant for Cg, however, is more than 3 orders of magnitude greater than the value predicted by the harmonic approximation. This is likely due to the very low frequency of the y15 mode, which probably results in large interactions between the ground state and the f state. Evidence for similarly large interactions between the ground vibrational state and the first excited bending vibration of C,, for which a low bending TABLE V. Observed frequencies for the (Y~+~Y~~) -2%~~~ (X,-X,) hot band of q. The standard deviation of the fit (la) was 0.0036 cm- '. frequency is also predicted,2d has been reported." The low frequency symmetric stretching mode (v4), observed at 484 cm- ' (Ref. 12) , is also of the correct symmetry to interact with the f state through Coriolis coupling. In addition, other low frequency bending modes may also be interacting with the yls mode in some way that would explain this anomalous behavior.
We had hoped that these hot band data would be useful for estimating the frequency of the y15 bending mode from q", the Z-type doubling constant, given by ~"=B(~~~=l~)-B(u~~=l~).
The bending frequency is obtained from q" by the relation w15= fqB2/q".
where 5: is the Coriolis coupling constant between vi5 and the s vibrational mode, and the summation is over all nondegenerate vibrations.17 By comparison with similar molecules, a reasonable estimate for f 4 is 2.15 f 0.05. 9~16 Due to the strong perturbations to these C9 energy levels, however, it seems unlikely that an estimate of q" would be very meaningful. Nevertheless, if we assume that the rotational constants of the IIs-& hot band presented in Table IV are close to their unperturbed values, we obtain the following estimates for the Z-type doubling constants: q"=O.OOO 018( 14) cm- ' and 4' =O.OOO 020( 14) . Thus an estimate for the bending frequency would be w,,=30~20 cm-'. This estimate, though highly uncertain due to the imprecise value of @', suggests a lower bending frequency than predicted by ab inifio calculations. Direct measurement of the vi5 mode by far-infrared laser spectroscopy, as accomplished for C3 in our laboratory," would be extremely useful to further characterize this band.
Obs-Calc weak and, in many cases, not well resolved. Thus it was often difficult to select the correct peak position. Due to this lower precision, only rotational constants have been included in the fit. We do not observe the corresponding A-A transition in our spectrum. It is interesting to note that the A-A hot bands were not observed for either the C!, (Ref. With two quanta in the bend, the bending vibrational energy level splits into two sublevels, a B sublevel, for which Z=O, and a A sublevel, for which 1=2. The A sublevel is further split into a doublet due to Z-type resonance. For most rigid linear polyatomic molecules, the Z state lies lower in energy than the A state.i6 However, if the molecule is undergoing large amplitude motion in the bending coordinate or if the bending potential is quasilinear, then the ordering of these energy levels may reverse. '9'20 We have observed a series of very weak peaks spaced by approximately 4B which we have tentatively assigned as a EU-Eg hot band arising from a lower state with two quanta in the vls bend. As with the fundamental, only even J peaks are present since the lower state is a nondegenerate, symmetric Z state. Observed frequencies are presented in Table V , and molecular constants appear in Table VI . The assignment of the rotational quantum numbers presented here is not definitive, as the band origin was not observed. However, shifting the assignment of the rotational manifold by one or two J in either direction does not substantially alter the magnitude of the rotational constants. The assignment presented here was chosen because the shift in the band origin relative to the v,j band origin is on the order of twice the band origin shift for the I&-II, hot band. The precision of the frequency measurements for this band is lower than the other two bands because the peaks are very A recent theoretical calculation produced evidence that C9 may exist as a zigzag shaped C2, molecule with very small bending angles.5 Although our data can be well represented by assuming a linear configuration, we cannot completely rule out the possibility of a very slightly bent structure. Figure 1 displays several weak unassigned peaks in the region of the band origin. These peaks are possible candidates for a weak Q branch that would arise from the KP= l-l transition of a near prolate asymmetric rotor. Similar structure near the band origin was also observed for the C6 molecule.15 No other K-type structure for C, has been observed, however. Analysis of our data shows that C9 exhibits the behavior characteristic of a fairly rigid linear molecule. Table  VII Table VII shows that, in terms of centrifugal distortion, Cs is comparable to the more rigid molecules. The C6 molecule also appears in Table VII and, interestingly, seems to typify a less rigid molecule. A more complete description of the bending dynamics of Cs through analysis of hot bands is currently underway and will be the subject of a future paper. The percent increase in the rotational constants that occurs upon excitation of the lower bending states, also shown in Table VII , is a more reliable indicator of the molecular rigidity. A large increase in the rotational constants indicates large amplitude motion in the bending coordinate as is shown dramatically for C3 and C,, whereas a small increase is characteristic of a fairly harmonic bending potential. We see here that the change in the C, rotational constants with bending excitation is almost identical to that of Cs and C&, further characterizing C, as a semirigid molecule.
Another observation which characterizes the bending motion of linear molecules is the band origin redshift of the bending hot bands relative to the band origin of the associated fundamental. This redshift is principally due to the anharmonicity of the bending potential, and it becomes increasingly large for nonrigid molecules. The magnitude of this redshift is also related to the bending frequency and is smaller for low frequency bends. The very small shift in the band origin of the ( V~ + v15) -v15 band of C9 relative to v6 (~0.11 cm-') is probably due to the existence of a relatively harmonic bending potential as well as the low frequency of the v15 bending mode.
We have demonstrated that the simple molecular orbital picture which predicts alternating rigidity for small odd-numbered C, molecules is valid for n&9. The linear even-numbered carbon clusters are expected to be more rigid than the odd clusters because there is no central atom about which bending motion takes place. However, the same alternation between rg and rr, HOMOs occurs with even clusters.7 From this perspective, linear C!, and C, are expected to be more rigid than C6 and Cl,. It has been suggested that for n =9-l 1, cyclic isomers become more stable due to a decrease in angle strain of the ringst2 and that a mechanism for ring formation may be isomerization of the linear isomers through large amplitude bending motion. Since both Cl0 and Cl1 have rr,, HOMOs, we can expect a low barrier to isomerization for these molecules. Thus we consider an analysis of the bending dynamics of even chains, as well as detection and characterization of the cyclic carbon clusters to be an important next step.
.ACKNOWLEDGMENTS
